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This paper describes laboratory tests on footing constructed on unreinforced and geogrid-reinforced sand with circular a void
subjected to a combination of static and repeated loads. The settlement of the footing was measured for up to 5000 cycles of loading and
unloading. The variables examined in the testing program include the number of geogrid layers, the location of the void within the soil,
the amplitude of cyclic load, and the number of load cycles. The results show that the footing performance due to cyclic loading is better
for thicker geogrid reinforced sand with a void than for unreinforced sand with no void. In addition, a critical region was found to exist
under the footing, under which a void results in increased footing settlement. Overall, the results indicate that the reinforced soil-footing
systems with sufﬁcient geogrid-reinforcement and sufﬁcient void embedment depth behave much more stifﬂy and are thus capable of
handling greater loads with lower settlement than those in unreinforced soil without a void. The undesirable effect of the void on the
footing behavior can be eliminated. In addition, the results show that the values of footing settlement increase rapidly during the initial
loading cycles; thereafter the rate of settlement is reduced signiﬁcantly as the number of loading cycles increases.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Underground voids may be encountered as a result of
natural caves, tunnels, water and gas networks, old conduits
and the settlement of poorly compacted trench backﬁll. When
the void is located beneath the footing, serious bearing
capacity and settlement problems may arise, resulting in very
costly and dangerous consequences. The construction of a13 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.footing above the void inside the soil under monotonic loads
has been extensively investigated, by Baus and Wang (1983),
Badie and Wang (1984), Wang and Hsieh (1987), Wang et al.
(1989), Das and Khing (1994), Wang et al. (1996), Briancon
and Villard (2008), and Sireesh et al. (2009).
In recent decades, to improve the load-carrying character-
istics under static loads, geosynthetically reinforced soil has
been of wide interest to geotechnical engineers in various
applications (Das and Khing, 1994; Sireesh et al.,
2009; Hufenus et al., 2006; El Sawwaf, 2007; Ghazavi
and Alimardani Lavasan, 2008; Moghaddas Tafreshi and
Dawson, 2010a, 2010b). Badie and Wang (1984) performed a
theoretical and experimental study on a model footing above
clayey soil to investigate the stability of spread footings
situated above a continuous void. The results of this study
implied that there is a critical region under the footing and
only when the void is located within this critical region is
there a problem. In other words, the footing bearing capacityg by Elsevier B.V. All rights reserved.
Fig. 1. Schematic view of testing apparatus and all relevant attachments.
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Fig. 2. View layout of trench, void, reinforcement layers, footing and
loading on footing.
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investigated the effect of voids on footing behavior under
eccentric and inclined loads using the ﬁnite element method.
They demonstrated that the bearing capacity of footings
underlain by central circular voids decreases as the load
eccentricity and inclined loads increase. Das and Khing
(1994) used a laboratory model test to determine the
improvement of the bearing capacity supported by a stronger
sand layer underlain by a weaker clay layer with a continuous
rectangular void located below the centerline of the founda-
tion. They reported that the bearing capacity is generally
reduced due to the existence of a void, and also that it
substantially increases with only one geogrid layer. Sireesh
et al. (2009) carried out a series of laboratory scale model
tests on a circular footing supported by geocell reinforced
sand beds overlying a clay bed with a continuous circular
void. They reported that substantial improvement in the
performance can be obtained with the provision of an
adequately sized geocell mattress over the clay subgrade with
the void. Moghaddas Tafreshi and Khalaj (2008) examined
repeated loads to investigate the beneﬁcial effect of geogrid-
soil-reinforcement on the reduction of the settlement of the
soil surface and deformation of small diameter pipes under
repeated loads. They reported that the percentage of vertical
diameter change and settlement of soil surface can be reduced
signiﬁcantly by using geogrid reinforcement.
The above literature indicates that there is still a major
lack of comprehensive studies on the behavior of footings
on reinforced soil with voids under repeated loading. Thus,
to develop a better understanding of this behavior, in this
research, a series of laboratory and pilot-scale tests under
repeated loads were performed to evaluate the settlement
of a strip footing above a void in reinforced relatively
dense sand with geogrid-reinforcement. The testing pro-
gram was planned to compare the response of footings
constructed on reinforced sand with a void and unrein-
forced sand without a void and subjected to repeated
loading. In particular, the aim was to demonstrate the
beneﬁts of geogrid reinforcement application over soil
unreinforced conditions. The effect of the number of the
reinforcement layers (N) below the footing base and
the embedment depth of the void (D) on decreasing the
undesirable effects of the void on footing settlement and
also the amplitude of repeated load and the number of
load cycles were investigated. It is noted that the embed-
ment depth of the void is the distance between the ground
surface to the top of the void.
2. Testing apparatus
A thorough explanation of the testing apparatus and its
relevant attachments would make the paper lengthy. Hence,
only a brief overview is given in this section. The arrange-
ments of the testing apparatus and materials used were
described in more detail by Moghaddas Tafreshi and
Khalaj (2008). Fig. 1 shows a general schema of the
laboratory test, the testing tank and all relevant attachments.A physical model test was conducted in a test bed comprising
a loading system, a rigid testing tank with 1000 mm length,
1000 mm height, and 220 mm width (Fig. 2), and a data
acquisition system. The actuator can produce monotonic or
repeated loads to a maximum capacity of 10 kN with
different amplitudes and different frequencies up to 1 Hz
via an electromechanical control system capable of producing
a repeated load with desired amplitude and frequency. The
raining technique (Kolbsuzewski, 1948) was used to deposit
the soil in the testing tank at a known and uniform density. A
moveable steel tank of 300 300 mm in plan and 450 mm
height was used. An inclined funnel system outlet was
mounted above the testing tank and used as a hopper to
pour the testing material from different heights. The height of
raining to achieve the desired density was determined by
performing a series of trials with different heights of raining.
Sand was then rained from a pre-calibrated height to
consistently maintain a relative density of 73% in all the
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374 365tests. Load and deﬂection of the loading plate were measured
during each test by a load cell, with an accuracy of 70.01%
full scale and a capacity of 50 kN to precisely measure the
pattern of the applied load on the footing and a linearly
variable differential transformer (LVDT) with an accuracy of
0.01% of full range (100 mm).
3. Materials
The soil used is a relatively-uniform silica sand with grain
sizes between 0.85 and 2.18 mm and with a speciﬁc gravity of
Gs¼of 2.67, a coefﬁcient of uniformity of Uc¼1.51, coefﬁ-
cient of curvature of Uc0 ¼1.29, an effective grain size of
D10¼0.4 mm, and mean grain size of D50¼0.64 mm. The
maximum and minimum void ratios (emax and emin) of the
sand were obtained as 1.12 and 0.55, respectively. According
to the Uniﬁed Soil Classiﬁcation System, the sand is SP. The
angle of internal friction of the sand was measured 38.61 by
performing drained triaxial compression tests on dry sand
sample at a relative density of 73%. All tests were conducted
on dry sand with the mentioned properties. It should be
pointed out that in almost all the laboratory tests, only one
type of poorly graded soil is used to allow for more precise
monitoring of the response of the soil due to loading..
The geogrid used in this research was made by an Iranian
company. This type of geogrid has 5.2 mm thickness and an
aperture size of 27 27 mm with mass of 0.695 kg/m2. The
ultimate tensile strength was measured approximately 5.8 kN/
m.
To provide the stability of the void in a circular shape,
we used a 100 mm diameter ﬂexible plastic can with
0.6 mm thickness and 218 mm length. The length is 2 mm
less than the width of the tank in the z direction (Figs. 1
and 2). Thus, on each side of the tank there was 1 mm wide
gap to prevent contact between the footing and the front
and back faces of the tank. The void created by a ﬂexible
lining has an insigniﬁcant bending stiffness in the air but
supports the sand due to the lateral conﬁnement when
embedded in the trench. In fact, when the can is used as a
void in the soil trench, it acts as a ﬂexible lining and
produces resistance against the soil pressure. This is
because the soil conﬁning pressure at the shoulders and
sides of the void (ﬂexible can) and the void are not be
easily closed due to static and repeated loads applied to the
footing surface (this was observed during the tests by the
authors) which might need to be considered as a relatively
real void. The bending stiffness of the plastic can, EI, is
measured from the bending test. The measured value of EI
obtained was about 160 kg. cm2 which is quite insignif-
icant. The void can thus be considered a relatively
real void.
The footing was placed in the center of the tank such
that the length of the void was parallel with the width of
the tank. The void created by a ﬂexible plastic although
had an insigniﬁcant bending stiffness; it was capable of
supporting the sand due to the lateral conﬁnement when
embedded in the trench. Consequently, it offers sufﬁcientresistance against the soil overburden. As a result, the void
is not easily closed due to loads applied on the footing.
Both the void diameter and the footing width of 100 mm
were kept constant in all performed tests.
4. Preparation of model test
There are various methods preparing a sand bed in the
laboratory, including compaction, vibration, and the rain-
ing technique. In tests, it is important to have a uniform
deposit to ensure the repeatability of tests. Among the
mentioned methods, the raining method is the most
suitable since the soil deposit density is more controlled.
The basis of this method was described by Kolbsuzewski
(1948). In this method, sand is poured from a certain
height at a certain speed. The raining technique was used
to deposit the soil into the tank. This method allows the
void circular cross-section to be maintained without hav-
ing to introduce the moulds that compaction methods
usually require. Before using the hopper for depositing the
soil in the tank, the raining device was calibrated using
different heights of pouring and different perforated plates.
Consequently, the required height of pouring and perfo-
rated plate to get the desired density can be selected for a
special test. The embedment depth of the ﬂexible lining was
adjusted by limiting the top of the tank by means of a
temporary wooden wall. The free end of the lining was
sealed, the geogrid layers were placed at the required
positions above the void (or below the soil surface), and
the soil was poured to the tank by the raining technique.
Finally, the surface of the soil was leveled carefully and the
plexiglass was placed and ﬁxed and the testing tank was
rotated quite gently to the vertical position. After being
rotated, a drop in the soil surface due to the tank rotation
is visible and needs to be compared with the condition g
before rotation. If the distance between the soil surface
before and after rotation is less than 2.5 mm, the model is
acceptable (Bueno, 1987). The next step was to place the
footing model made of a steel rigid plate with 218 mm
length, 100 mm width, and 20 mm thickness in a central
position in the tank. The length of the footing was parallel
to the width of the tank in the z-direction. In order to
create a plane strain condition within the test arrangement,
the length of the footing was made almost equal to the
width of the tank. The base of the model footing was
roughened by covering it with epoxy glue and rolling it in
sand. The two ends of the footing plate were polished to
ensure a smooth surface and then were coated with
petroleum jelly to minimize the end friction effects. In
order to provide vertical loading alignment, a small hemi-
spherical indentation was made at the centre of the footing
model. A load cell was placed on the loading shaft to
record the applied loads and its lower end equipped with a
hemispherical protrusion that engaged with the seating on
the footing. An LVDT was placed on the footing model
accurately to measure the settlement of the footing during
the loading.
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–3743665. Pattern of applied repeated load
Fig. 3 shows a typical time history of the applied load on
the footing (also, see Fig. 2). As seen, the footing is subjected
to a pre-speciﬁed static load of intensity, qs, applied at a rate
of 1.0 kPa/s, after which a repeated load having amplitude of
qd is superimposed to the static load. Before applying the
repeated load, the static load is kept constant until no further
settlement occurs or the rate of settlement becomes negligible.
During the tests, the static load is permanently applied to the
footing while the repeated load was brought to the static load
at the end of each cycle. Trapezoidal load cycles with a
frequency of 1 Hz continue until the rate of change of total
settlement drops to an insigniﬁcant amount or, alternatively,
excessive settlement and unstable behavior is observed. Since
dynamic loads tend to be relatively small compared to the
bearing capacity of the footing, the values of additional
dynamic load, qd, were selected as 10%, 20%, and 30% of
qu. The value of qu was obtained from static test on the
unreinforced bed. It is deﬁned as bearing capacity of footing
at failure point. In this static test, a load was applied at a rate
of 1.0 kPa per second until failure occurred. In the absence of
a clear-cut failure, the footing was loaded to reach a constant
applied stress value.6. Test parameters and testing program
The geometry of the test conﬁgurations considered in these
investigations is shown in Fig. 2. Also the details of the tests
are given in Table 1. Some 63 tests in different series were
planned and carried out in this research to study the effect ofFig. 3. Typical time history of initial static and repeated loading on
footing.
Table 1
Scheme of the static and repeated tests for unreinforced and reinforced sand.
Test series Type of tests Type of reinforcement qd/qu (%
1 Static Unreinforced –
2 Repeated Unreinforced 10, 20, 3
3 Repeated Reinforced and unreinforced 10, 20, 3
nIndicates duplicate tests performed to verify the repeatability of the test dembedment depth of the void, H, the number of reinforce-
ment layers (N), the ratio of repeated load intensity to the
ultimate load (qd/qu), and the number of load cycles on the
behavior of footing on reinforced sand with void. Test series
were carried out on unreinforced and reinforced sand with or
without voids to quantify the improvements due to the
reinforcements. Of these 63 tests, 14 tests were repeated
carefully to examine the performance of the apparatus
and the accuracy of the measurements. The results obtained
depicted a close match between results of the two or three trial
tests with maximum differences of around 10%. This differ-
ence was considered to be small and was subsequently
neglected. It demonstrates that the procedure and technique
adopted can produce repeatable tests within the bounds that
may be expected from geotechnical testing apparatus.
All variables used to describe the tests are expressed in non-
dimensional form with respect to the footing width (B) as u/B,
b/B, H/D, and qd/qu. In this research, according to
Moghaddas Tafreshi and Khalaj (2008), who performed tests
on buried pipes under trafﬁc loads, the vertical spacing of the
reinforcement; h between the bottom of the previous layer and
the top of the next layer were selected 0.35 (u/B¼h/B¼0.35)
and also the length of geogrid, b, was kept constant at b/B¼6
in all tests. Based on the results obtained from various studies,
it was assumed that that a value of b/B greater than 5–6 has
no inﬂuence on the footing response (Huang and Tatsuoka,
1988; Fragaszy and Lawton, 1984; Khing et al., 1993; Yoon
et al., 2004; Ghosh et al., 2005; Mogahaddas Tafreshi and
Khalaj, 2008; Moghaddas Tafreshi and Dawson, 2010b;
Ghazavi and Alimardani Lavasan, 2008).
The static and repeated tests were conducted in three
series of tests, as shown in Table 1 to investigate the
following cases:)
0
0
ata.the ultimate bearing capacity of strip footing on
unreinforced sand without a void (static tests) the effect of the embedment depth of the void (H/D) to
negate the void effect on footing system under
repeated loads the effect of the number of reinforcement layers to
negate the void effect under repeated loads, and the effect of load cycles and the ratio of repeated load
intensity to the ultimate load (qd/qu)
Only one static load test was carried out on footing on
unreinforced sand and without void to provide a reference
load capacity to investigate the effects of footing improvement
due to soil reinforcement. In a static test, the ultimate staticH/D N u/B b/B No. of tests
No void – – – 1þ1*
No void 0 – – 3þ3*
2.0, 2.5, 3.0 0, 1, 2, 3, 4 0.35 6 45þ10*
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374 367load capacity of unreinforced sand was found to be qu¼300
kPa (Fig. 4). A factor of safety slightly greater than F.S.¼qs/
qu¼3 was adopted to deﬁne qs as 100 kPa, being the static
pre-loading applied prior to cyclic loading in subsequent test
series. This safety factor value was selected as the minimum
value likely to be used in practical applications. The values of
additional dynamic load, qd (Fig. 5) were selected as 10, 20,
and 30% of qu (i. e. qd/qu¼10%, 20% and 30%). These
values are deemed appropriate-the lower two encompassing
stresses likely to be experienced under a trafﬁc load or due to
the loading of vibrating machines resting on foundations,
while the value of 30% represents an extreme occurrence.
7. Results and discussions
In this section, the tests results of the laboratory model are
presented. The obtained values of the bearing pressure of the
footing on unreinforced sand under monotonic load and also
the footing settlement under the combinations of static and
repeated load (Fig. 3) are presented in Table 1. To avoid
making the paper lengthy, only a selection of the results is
presented.0
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for unreinforced sand and no void condition.7.1. Unreinforced tests results
The response of footing supported on unreinforced bed
without void under static load is shown in Fig. 4. This test is
performed to determine the ultimate static load capacity of
unreinforced sand, qu and also to select a pre-speciﬁed static
load of intensity, qs throughout the repeated tests. Regarding
the variation of bearing pressure with settlement behavior of
footing on unreinforced soil without a void in Fig. 4, no clear
failure point was observed. From this static test, the ultimate
static load capacity of unreinforced sand was found to be
qu¼300 kPa around settlement ratio of 50%. The choice of
s/B¼50% was based on studies in the literature; for example,
Krishnaswamy et al. (2000), Dash et al. (2003), and Sitharam
et al. (2007). It may be more appropriate to say the bearing
pressure corresponding to s/B¼50%.
Fig. 5 presents the variation of peak footing settlement with
the number of load cycles under cyclic loading for three values
of cyclic stress ratio, qd/qu, unreinforced sand, and no void
condition. From Fig. 5, it is clear that the large portion of the
footing settlement was observed in the ﬁrst 500 cycles
compared to the total settlement recorded after all the cycles
due to gradual soil compaction. The rate of change in the
peak settlement decreases as the number of cycles increases,
and ﬁnally the variation of settlement stabilizes after a certain
number of load cycles, depending on the values of cyclic stress
ratio, qd/qu. Generally, it can be said that the stiffness of the
soil tends to increase as the number of loading cycles
increases. Also, as observed in Fig. 5, with increasing qd/qu,
the footing settlement increases.7.2. Reinforced tests results
The general trend in the footing settlement with time (or
number of load cycles) under loading and unloading for
reinforcements over the void is similar to Fig. 5. There were
exceptions: under cyclic loads, when the depth of the void was
low, when there was insufﬁcient reinforcement beneath the
footing (and therefore over the void), and when the void failed
rapidly, causing deformation toward the void. Hence, the
details of the responses have not been presented, in this
section, and only the comparison results are discussed.
In order to clearly investigate the performance of the
geogrid reinforcement in reducing the settlement of a rein-
forced sand bed due to an increase in the number of layers of
the reinforcement in comparison with the unreinforced one, a
value for the non-dimensional improvement factor (ID) for a
speciﬁed number of load cycles (n¼ni) is calculated for
various embedments of the void (H/D) and the amplitude
of the load cycles (qd/qu):
ID ¼
ðsvoidÞn ¼ ni
ðsnovoid Þn ¼ ni
ð1Þ
where (svoid)n¼ni and (snovoid)n¼ni are the values of footing
settlement on the reinforced sand bed with a void and an
unreinforced sand bed without avoid, respectively, for a
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374368speciﬁed number of load cycles (n¼ni) at a given amplitude of
a repeated load (qd/qu¼10%, 20% and 30%).
7.2.1. The influence of the number of reinforcement layers
The performance of reinforcement in reducing the
undesirable effect of the void presence and the settlement
of a sand bed subjected to the combination of pre-speciﬁed
static load and various amplitudes of repeated loads by
adding layers of the geogrid is the subject of Fig. 6. The
results present the variation of the ﬁnal footing settlement
with the number of reinforcement layers for a void
embedded at 2.5D under various repeated load amplitudes,
qd/qu and at various number of load cycles. It should be
noted that the absence of values in Fig. 6 (or other ﬁgures)
means that the excessive footing settlement (or failure of
the void) occurred before the load cycles reached the
speciﬁed cycle. In the case of the unreinforced sand bed,
it can be seen that the presence of the void increases
the footing settlement considerably. Overall, this ﬁgure0
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dynamic loads (a) qd/qu¼10%, (b) qd/qu¼20% and (c) qd/qu¼30%.indicates that the value of the maximum footing settlement
decreases due to additional layers of reinforcement, irre-
spective of the magnitude of the repeated loading. How-
ever, the positive effect of reinforcement in reducing of the
footing settlement increases with increase in the number of
reinforcement layers but the rate of reduction in the
footing settlement decreases as the value of N increases.
No further marked decrease in footing settlement is
expected if a fourth layer of reinforcement were to be
added. The beneﬁcial effects of reinforcement are attrib-
uted to lateral conﬁnement which increases the stiffness of
the soil, and allows geogrid layers to act as a bridge
between the void and footing and distribute the pressure
over a wider zone. The other general observation of
behavior of the footing settlement under repeated loads
is the large portion of the settlement of the footing that
occurs during the 100 cycles of loading and unloading
compared to the total deformation recorded after all
cycles. It is around 40–60% of ﬁnal footing settlement.0
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A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374 369In order to indicate the effect of soil reinforcement more
clearly, the variation of non-dimensional improvement
factor (ID) with the number of reinforced layers for a void
embedded at 2.5D under various repeated load amplitudes,
qd/qu and for various number of load cycles is shown in
Fig. 7. This ﬁgure implies that for all repeated load
amplitudes, with increasing N, the values of ID substan-
tially decrease, irrespective of the number of load cycles
applied. Consider, for example, in 100 cycles of repeated
load and for repeated load amplitude of 10%, the value of
ID is about 2.20 for using one geogrid layer, whereas it is
about 0.5 for four layers. The values of ID greater than
unity means that the void affected the footing settlement
as compared to the unreinforced foundation bed without
void while the values of ID is equal or less than unity
means the desirable effects of void on the foundation bed
and behavior of footing is completely vanished. However,0
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cycles and for three amplitude of dynamic loads (a) qd/qu¼10%, (b) qd/qu¼2it can be seen that the reduction rate in footing settlement
(or ID) with increase in the number of reinforced layers is
almost constant or the decrease in footing settlement
(or ID) is insigniﬁcant. Also, this ﬁgure shows that in the
case of unreinforced bed, the presence of the void increases
the footing settlement considerably: ID varies from 2 to
2.5 for repeated load amplitudes from 10% to 30% of
qu (qd/qu¼10%–30%) while ID decreases signiﬁcantly as
the number of geogrids increases. At all applied repeated
load cases (qd/qu¼10–30%) for a void embedded at
2.5D, the value of ID reaches less than unity and the
undesirable effect of the void presence is negated when
two geogrid layers are used. This implies that increasing
the number of reinforcement layers in sand over the void
can reduce the footing settlement and provide greater
stability to footings above a void even under strong
repeated loads.0
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Fig. 8 shows variations of the footing settlement, when sd/B
with an embedded void depth was subjected to repeated loads
of qd/qu¼20%, for various number of load cycles and for
one, two, three and four geogrid layers. As the depth of the
void embedment increases, the footing settlement decreases
signiﬁcantly, irrespective of the number of reinforcement
layers and number of load cycles. The reason is that as the
soil thickness on the void increases, the footing pressure is
distributed to a greater soil mass and thus the void is unlikely
to be affected by the footing pressure. The soil reinforcement
causes the footing pressure to be distributed to a larger area
and thus the safety factor of the void stabilization increases. It
can be seen from Fig. 8 that an increase in the embedment
depth of the void in the range of 2.5D–3D results in a sharp
decrease in the maximum footing settlement, sd/B. Also, a
greater rate of reduction in the footing settlement when the
embedment depth of the void was increased within the range
of 2.5D–3D was noted than when the embedment depth of0
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Fig. 8. Variation of footing settlement (sd/B) with embedded depth of void und
various of reinforcement layers, N (a) one layer, (b) two layers, (c) three layethe void was in the range of 2D–2.5D, particularly for two,
three and four geogrid layers. Apparently, the undesirable
effect of the void in increasing the footing settlement decreases
with as the void embedded depth increases. By increasing the
number of load cycles, the maximum value of the footing
settlement ratio, sd/B, increases at any given value of H/D but
the rate of sd/B value considerably decreases as the number of
load cycles increases.
The variation of improvement factors, ID with the
embedded depth of void, H/D under repeated loads of
qd/qu¼20%, for various numbers of load cycles and for
one, two, three and four reinforcement layers is shown in
Fig. 9. With increasing embedment depths, the value of
ID substantially decreases, irrespective of the number of
reinforcement layer and the number of load cycles. In
addition, it was observed that stability was reduced when
the number of reinforcement layers was increased beneath the
footing, and the required embedment of void eliminated the
undesirable effect of the void in the footing settlement.0
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Fig. 9. Variation of repeated load-settlement improvement factors (ID) with embedded depth of void under repeated loads of qd/qu¼20%, for various
number of load cycles and for various of reinforcement layers, N (a) one layer, (b) two layers, (c) three layers and (d) four layers.
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374 371Therefore, for repeated loads of qd/qu¼20%, the required
embedment of void to negate the presence of the void is
around 2.8D, 2.6D, 2.4D and 2.3D, respectively, for one, two,
three and four layers of reinforcement, irrespective of the
number of load cycles. This implies that increasing the
reinforcement layers in the sand over the void or increasing
the embedment of the void can reduce the footing settlement
and provide greater stability for the footing above the void.
7.2.3. The influence of the amplitude of repeated loads
Variations of the ﬁnal footing settlement to footing width,
sd/B, with the amplitude of the repeated loads, qd/qu for a void
embedded at H/D¼3.0, with different numbers of reinforce-
ment layers and various numbers of load cycles is shown in
Fig. 10. As observed, the footing settlement considerably
increases in a nonlinear fashion with the amplitude of
the repeated load, qd/qu, regardless of the number of reinfor-
cement layers and number of load cycles. In other words, the
undesirable effect of the void in increasing the footing
settlement increases as the magnitude of the repeated loadsincreases. With an increase in the number of load cycles, the
maximum value of footing settlement (sd/B) increases at any
given value of qd/qu. However, the inﬂuence of the ﬁrst cycle
was also found to be a major contributor to the load-carrying
response of the footing above the void under repeated loads.
Overall, the ratio of footing settlement from the 100 ﬁrst
cycles to the 5000th cycle of loading and unloading changed
from 0.3 to 0.6 for different tests.
The values of footing settlement for all tests is given in
Fig. 11. These can be used to describe the behavior of the
footing above the void in more detail, under different
magnitudes of repeated load, qd/qu in terms of non-
dimensional improvement factors (ID). In fact, Fig. 11 shows
the variation of ID with the amplitude of the repeated loads,
qd/qu. This ﬁgure depicts the variation for a void embedded at
3 times the void diameter (H/D¼3): even with only one layer
of geogrid, the values of ID are signiﬁcantly less than unity
(IDo1: the solid lines are below the dashed line in Fig. 11a).
In other words, the use of just one layer of reinforcement
may negate the undesirable effect of a void on the footing
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A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374372settlement when the void is embedded at H/D¼3. It can be
seen that the reduction in the value of ID continues with more
reinforcement layers in the space of footing and void (the
distance between the solid lines and dashed line which
describes the footing supported on an unreinforced bed
without a void increases). The value of ID varies from 0.15
to 0.8 depending on the number of reinforcement layers used
(N¼1–4).
8. Applicability and limitations
The efﬁciency of geogrid reinforcement for footings on
reinforced soil with a void subjected to a combination of
static and repeated loads is demonstrated by the results
presented herein. Although this is encouraging, it is
necessary to mention the following:(1) The experimental results are obtained for only one type
of geogrid, one type of sand, one size of footing width,and one circular void. Although the results of the
present laboratory tests are encouraging, speciﬁc appli-
cations should be limited to the conditions tested
herein.(2) The present test results are based on tests conducted on
a small model strip footing on reinforced soil with
continuous void in plane strain conditions. For other
conditions such as square or circular footings with a
larger size above the void, a three dimensional physical
model would be very useful.(3) Although Adams and Collin (1997) and Milligan et al.
(1986) in their studies on large- and small-scale tests on
the behavior of granular layers with geogrid reinforce-
ment showed that the general mechanisms and behavior
observed in the small model tests can be reproduced for
large-scale tests, future tests are required on larger scale
model foundations for various conditions. For example,
different footings and other geometries and locations
for the void, and different physical and mechanical
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A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374 373characteristics of geogrid should be tested to validate the
present ﬁndings. It is noted that to evaluate the applic-
ability of the model tests to full-scale conditions, a
dimensional analysis of the model-scale results could be
helpful. Generally, it is suggested that the stiffness of the
geosynthetic and shear modulus of soil be increased in
full-scale applications in order to deliver performance
similitude.(4) Although the results of this study may be somewhat
different from those obtained from performing full-
scale tests in the ﬁeld, the general trend is expected to
be similar. Qualitatively, this study has provided
comprehensive insight into the basic mechanism gov-
erning the behavior of strip footings subjected to
repeated loads and supported on geogrid reinforced
sand beds with voids. These results will be helpful in
the design of large-scale model tests, for simulationstudies using numerical models and in the full-scale
application of the concepts.9. Summary and conclusions
In this research, a series of repeated load tests of a
laboratory model footing supported on unreinforced and
reinforced sand with/without a void was carried out. The
beneﬁts were assessed in terms of reduced settlement of a
strip footing subjected to a combination of static and cyclic
loads. The following remarks may be cited as outcomes:(1) For stable tests where the void remains stable during
the cyclic loads, the largest portion of the footing
settlement occurs within the ﬁrst 500 cycles and the rate
of footing settlement decreases signiﬁcantly as the
number of load cycles increases. As a result, a resilient
A. Asakereh et al. / Soils and Foundations 53 (2013) 363–374374response condition is achieved after about 3000–5000
cycles depending on the void embedment depth, the
number of geogrid layers and the applied cyclic load
magnitude.(2) The value of the maximum footing settlement and the
number of load cycles required to develop the stable
response condition of the footing are functions of the
amplitude of the repeated load (qd), the embedment
depth of void, and the reinforcement layers beneath the
footing base.(3) For a given amplitude of the cyclic load, by increasing
the number of reinforcement layers and with increases
in the embedment depth of the void to a certain value,
the footing settlement decreases.(4) By increasing the amplitude of the cyclic load, the
footing settlement increases considerably.(5) Overall, for a certain amplitude of repeated load, by
increasing the number of layers of reinforcement, the
embedment depth of the void (or a combination of
these two factors), the footing settlement reaches less
than its value in unreinforced sand without a void.(6) In addition to the increase in the number of reinforce-
ment layers, the void embedment depth (H/D) has a
large inﬂuence on the footing behavior. For a void
embedded at H/D¼3.0, even when here is only one
layer of geogrid, the values of ID are signiﬁcantly less
than unity (IDo1) and the footing settlement reaches
less than the footing settlement of unreinforced sand
without a void.(7) It is noted that the reinforcement of the soil above
the void crest must be justiﬁed from an economical
viewpoint.Although this research work encourages the beneﬁcial
application of the soil reinforcement above the void under
a combination of static load and repeated loads, to
generalize ﬁndings in this paper, further tests with other
geometries and material properties are also required. In
addition, sophisticated analyses such as numerical methods
are also useful to discover the role of the contributing
parameters.
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